Abstract A planar solid oxide fuel cell (SOFC) operated with hydrogen at T=1123 K was equipped with an optically transparent anode flow field to apply species concentration measurements by 1D laser Raman scattering. The flow channels had a cross section of 3 mm × 4 mm and a length of 40 mm. The beam from a pulsed high-power frequency-doubled Nd:YAG laser (λ=532 nm) was directed through one channel and the Raman scattered light from different molecular species was imaged onto an intensified CCD camera. The main goal of the study was an assessment of the potential of this experimental configuration for a quantitative determination of local gas concentrations. The paper describes the configuration of the optically accessible SOFC, the laser system and optical setup for 1D Raman spectroscopy as well as the challenges associated with the measurements. Important aspects like laser pulse shaping, signal background and signal quality are addressed. Examples of measured species concentration profiles are presented.
Introduction
Solid oxide fuel cells (SOFC) are highly efficient converters of chemical energy from fuels into electrical energy considered for a future environmentally friendly energy supply. High electrical performance and long lifetime are key requirements that must be fulfilled for a successful introduction into the market. Inhomogeneous distributions of electrochemical and thermal properties such as local Applied Physics B: Lasers and Optics manuscript No. (will be inserted by the editor) power density and local temperature can detrimentally affect both efficiency and long-term durability through thermo-mechanical stress and degradation phenomena induced by locally varying operating conditions [1] . The application of advanced diagnostic methods for monitoring cell characteristics of solid oxide fuel cells under real operating conditions can provide detailed information about the spatial distribution of cell properties in order to increase the fundamental understanding and to optimize the operational behavior.
Electrochemical diagnostics (polarization curves, electrochemical impedance spectra) is playing a major role in fuel cell investigations. To study inhomogeneous cell properties during operation, we have previously extended traditional methods and have developed spatially resolved diagnostic techniques such as segmented cell technology that allows for the in situ determination of local current density and voltage, local impedance data, and temperature distribution as well as local gas concentrations [2, 3, 4] .
The obtained data can be used for mathematical modeling and model validation and for predicting physical, electrochemical and fluid mechanical properties [5] .
To complement the existing diagnostic techniques, advanced laser measurement techniques can be adopted. They allow a spatially and temporally resolved in-situ determination of gas-phase properties such as composition, temperature and flow velocity [6] . In this work, we develop and demonstrate a diagnostic method based on gas-phase Raman laser scattering. Gas-phase Raman spectroscopy in the flow channel of an SOFC has recently been reported by Saunders and Davy [7] . Their optically accessible SOFC and Raman setup was quite different from the one described here. For example, their reformer channel was significantly larger, they used a broadband XeCl excimer laser (λ=308 nm) and their setup did not allow for a 1D measurement along the flow direction. Solid-state Raman spectroscopy has been applied for studying SOFC processes ex-situ [8] [9] [10] [11] but these studies were mainly devoted to the measurement of local temperature and mapping out of phase stability of solid electrode surfaces by monitoring the temporal variation of the oxidation state of materials. Tunable diode laser absorption spectroscopy in the near-infrared has been applied to analyze water vapor and methane concentrations in a solid oxide fuel cell [12] . A combination of ex situ Fourier Transform Infrared Spectroscopy (FTIR), in situ Raman spectroscopy and Electrochemical Impedance Spectroscopy (EIS) measurements was used to study carbon formation and deposition on anode surface [13] as well as sulfur poisoning mechanisms, CO oxidation and NiO redox kinetics [14] .
Spontaneous Raman scattering is widely used in chemical analysis and related areas for species measurements [15] . Due to the inherently small scattering cross section, Raman spectroscopy of gaseous species requires powerful lasers for excitation as well as efficient detection schemes. Meier et al. [16] and Stricker [17] have been extensively employing laser Raman scattering for species and temperature measurements in flames using pulsed high-power lasers. Since spontaneous Raman scattering is a non-resonant process, it allows for the simultaneous detection of multiple molecular species, which can be distinguished by their different Raman shifts (vibrational energy quant in case of vibrational Raman scattering). In a 1D configuration, spatial measurement resolution can be achieved for multi-species Raman measurements in the direction along the laser beam by employing a detection scheme with a spectrograph in combination with a CCD camera [17] . Such a setup was employed in the current investigation where a narrow high-power laser beam (λ=532 nm) was directed through one of the anode flow channels of the SOFC in flow direction and the scattered light was detected at 90°. This enabled the detection of the species concentration profiles along the flow direction. In the current investigation, the SOFC was fuelled with hydrogen. Thus, the only major species present during the operation were H 2 and H 2 O (and N 2 after the occurrence of a leak). The corresponding Raman signals could be well separated and yielded sufficient signal-to-noise ratio for a quantitative evaluation after averaging single-shot Raman spectra.
The work described in this paper demonstrates our experimental approach for a better understanding of the processes within the anode flow channel. The main focus lies on the description of the optical cell, the electrochemical test bench and the Raman measurement setup as well as the discussion of the performance of the system. First results of in situ measurements of anode gas concentrations measured simultaneously in one dimension along the flow channel are reported.
Challenges in operating an optically accessible SOFC
A number of challenges are encountered in operating an optically accessible SOFC at about 1123 K and performing gas-phase Raman spectroscopy in it. Requirement for laser-based techniques is optical access both for the laser beam itself and the laser-induced optical signals. This is not trivial in case of the complex geometry and high operating temperatures (800-1000 °C) of SOFCs, which are usually based on opaque ceramic materials. Therefore, an important step towards the applicability of laser diagnostics lies in the construction of SOFCs with optical access which are able to operate under technically relevant conditions. In the work described here, an optically transparent anode flow field for a planar SOFC cell is applied which allows for the investigation of the concentrations of relevant gaseous species within the anode flow channel. The SOFC and the test rig have been designed for the application of one-dimensional laser Raman spectroscopy. With respect to the SOFC, a construction enabling a leak-tight operation of the cell and coping with fouling of the quartz glass surfaces are issues. The experimental setup is described in more detail in the following section 3. Great care has to be taken to maintain the boundary conditions (like optical alignment or window transmissivity) during the measurements. These aspects were addressed in the present work.
Experimental setup

SOFC test station
A SOFC test station from FuelCon, Magdeburg, Barleben, Germany (Type Evaluator C100-HT) including a customized furnace with a maximum temperature of 1100 °C was equipped with ports 
Background on laser Raman scattering
Spontaneous Raman scattering is based on the interaction between light and polarizable molecules. In the case of vibrational Raman scattering, which is considered here, the wavelength of the scattered light is shifted compared to the exciting laser wavelength by an amount that corresponds to the vibrational energy quantum of the molecule. Thus, different molecular species within a probe can be distinguished by analyzing the spectral composition of the scattered light. Furthermore, the species number density can be deduced from the intensity of the Raman-scattered light at the corresponding wavelength. The scattered intensity is proportional to the number density, the scattering cross section, the laser intensity, the size of the measurement volume, and depends on the detection arrangement and efficiency [6] . If the Raman-scattered radiation from each species i within the probe is detected and analyzed, all species number densities n i are known and the sum of them yields the total number density n=Σn i . With the knowledge of the pressure p, the temperature T is then given by the ideal gas law, T=p/(n·k), where k is the Boltzmann constant. The goal of a Raman measurement for analyzing a gas composition lies in the simultaneous determination of all species number densities which then yields the corresponding mole fractions X i and the temperature T [6, 19] .
The Raman scattering cross sections are small and in order to achieve sufficient signal intensities, a high-power laser and an efficient detection system are needed. However, even excellent equipment enables only the detection of the major species with mole fractions larger than X≈0.005. The biggest challenge of applying laser Raman scattering in reacting flows is to obtain a sufficient signal-to-noise (S/N) ratio. In order to reduce signal background from ambient light and detector noise, it is common in Raman measurements of reactive flows to use pulsed high power lasers and limit the detection gate to the pulse duration of the laser. However, due to the short pulse durations of these lasers of typically τ≈10 ns, small laser beam diameters generate high power densities that easily lead to optical breakdown (plasma generation) or damage of optical elements in the beam path. Therefore, these systems are mostly equipped with pulse stretchers. For the quantitative evaluation of the Raman signals, calibration measurements in flows of well-defined composition and temperature are needed.
Laser Raman setup
The optical setup is shown schematically in Fig. 6 . The laser system consisted of three double-pulse Nd:YAG lasers (Spectra-Physics PIV 400), which generated a beam consisting of six frequencydoubled pulses (λ = 532 nm). After passing through a pulse stretcher, the combined pulse had a duration of τ≈350 ns and a pulse energy of E p ≈1.2 J. This laser system is usually employed for Raman measurements in flames and is described in more detail in the literature [20, 21] . The laser beam had to be shaped to pass through the 40 mm long anode gas channel, cross section 3×4 mm 2 The quantitative data evaluation of these images was based on the comparison of the Raman signals from the fuel cell with signals from the calibration measurement. The pre-processing of the data included several image processing steps (spectral shift correction, background subtraction, intensity normalizations to laser pulse energy and intensifier gain, correction for vignetting). The species-specific Raman bands were integrated over a spectral range (also termed Raman channels). Due to the given spectral resolution, Raman bands from different species can spectrally overlap. This crosstalk was measured in the calibration measurements and incorporated into the data evaluation routine. After the pre-processing and crosstalk corrections, the intensities of the different Raman channels are converted to absolute number densities (or mole fractions).
Raman calibration measurements
In combustion experiments the calibration of the Raman system is performed in cold and electrically 
Results
Initial optical signal characterization
Initial laser measurements revealed a broadband background signal that could be attributed to laserinduced luminescence of the quartz flow field. In order to determine the spectral composition and intensity distribution of this luminescence under the current experimental conditions, a glass block with the dimension 10 mm × 10 mm × 40 mm, made of the same quartz material as the transparent flow field, was installed in the measurement location and irradiated with the laser light. Figure 7 shows the spectrum recorded at 300 K. The spectral region around the laser wavelength that was blocked by the notch filter is indicated by the hatched area. The luminescence exhibited distinct spectral signatures with the strongest emissions close to the laser wavelength and rapidly decreasing intensities at longer wavelengths. The wavelength positions of the Raman bands of some relevant species are also indicated.
The strongest disturbance is expected for CO 2 which is, however, not present in the current measurements. At an elevated temperature of 1123 K the signal intensity of the luminescence emission has significantly dropped (see Fig. 8 ). For the CO 2 Raman channel, the interference still poses a problem, however, for the other species the interferences are manageable. The signal background from these emissions was scaled and subtracted from the Raman spectra obtained from measurements during fuel cell operation. 
Initial SOFC operation
Operation of a solid oxide fuel cell requires a specific start-up protocol which was chosen as follows. The system was kept at high temperature for the period of the measurements of 15 days. The ceramic parts of the furnace were red hot at this temperature and excluded a close inspection of the quartz cell by eye (see Figure 4) . During the course of the measurement period, the optical transmission of the transparent part of the cell housing and also that of the observation window of the furnace degraded due to a greyish deposit whose origin could not unambiguously be identified. The corresponding reduction in transmission reduced the signal intensity and was taken into account in the data reduction routine.
Raman laser diagnostics under SOFC operation
In-situ Raman laser diagnostics was carried out during SOFC operation under a range of different conditions. Here we present exemplary results for 1123 K, dry H 2 as anode gas (1.25 slpm) and air at the cathode (1.25 slpm) for different currents between 0 and 7 A (corresponding to current densities of 0 -437.5 mA/cm 2 ). For each operating point, the Raman signals from 3000 laser shots were accumulated on-chip (corresponding to about 5 minutes measuring time) and corrected for background, vignetting, varying detection efficiency and laser pulse energy. 
Discussion
With respect to the Raman measurements, the optical arrangement with the laser beam passing through the channel and signal detection at 90° enabled the observation of the concentration profiles along the channel without moving parts of the setup to change the measurement location. This geometry is different from the one applied in a previous setup [7] and proved to be convenient in our experiment.
The difficulties related to this setup are the generation of a long narrow laser beam waist and the avoidance of an optical breakdown and/or damage of the transparent flow by too high laser fluence. In the current setup, the laser pulse energy was reduced to 0.1 J in order to be clearly below the damage threshold. This corresponds to an average laser power of approximately 286 kW over the 350 ns long pulse duration which is still orders of magnitude larger than the power of CW lasers. A further stretching of the laser pulse would allow to couple more laser pulse energy into the cell and to increase the signal level. It is noted that the pulse duration of a "standard" flashlamp-pumped Nd:YAG is in the order of 10 ns. Applying a similar laser power from such a laser, the pulse energy must be reduced to E p ≈0.003 J which is certainly too low for Raman spectroscopy in this application. Care must also be taken to avoid significant generation of laser-induced luminescence from the quartz glass. Due to the small cross section of the channel and the inhomogeneous laser beam profile, exposure of the channel walls to the laser radiation cannot be completely avoided. The analysis of the luminescence signal
showed that the problems are less pronounced at elevated temperatures compared to room temperature, but that they might require a more comprehensive background correction for the detection of the CO 2
Raman band. Aside from this difficulty, the Raman scattering technique can also be applied using fuels other than hydrogen in this configuration, e.g. methane. In that case, the calibration would include CH 4 , CO, and CO 2 passing through the channel with the fuel cell at open cell voltage. The crosstalk corrections would be similar to those applied in flame investigations.
In the current setup the signal-to-noise ratio was sufficient for quantitative measurements. However, due to the leakage through a crevice in the assembled cell the results presented here could not be given in mole fractions. At this stage, single shot Raman measurements are hardly quantifiable because they do not yield sufficient signal-to-noise ratio. However, the temporal changes within the SOFC are slow enabling an accumulation of Raman signals over several minutes. Also, a spatial resolution of 1 mm as applied here seems unnecessary and a further binning of pixels would lead to a better signal quality.
Quantitative results of gas concentration measurement by in situ Raman spectroscopy within an operating SOFC can only be achieved when the cell is properly sealed against the surrounding gas atmosphere. This sealing represents a major challenge in the SOFC setup used. A proper sealing which is realized by gold rings, however, requires sufficient pressure which can only be applied in horizontal direction in the cell setup used. This means that all parts must ideally fit during the cell assembly process. In order to assure improved sealing conditions, constructional modifications of the cell compartment and a modified sealing are under development for the future investigations. When achieving a properly operating SOFC Raman measurements will be performed by applying various operating conditions including complex fuel gas compositions, such as different reformate compositions, and temperature and flow rate variations. The obtained data will be particularly useful for validating detailed models of reforming and fuel cell processes using a physically-based modelling framework developed by Bessler et al. [23] .
Summary and Conclusions
A The results demonstrated the feasibility of measuring species concentration profiles by laser Raman spectroscopy in this arrangement. In the next step, an improved cell setup will be used to perform quantitative species measurements at various operating conditions. As Raman scattering allows the simultaneous detection and distinction of different gas-phase species, this technique will be particularly useful for investigating internal reforming conditions where CH 4 , H 2 , H 2 O, CO, CO 2 and N 2 are present simultaneously. The cell itself (middle) is placed between the two flow fields. 
